ABSTRACT
INTRODUCTION
Business environments are becoming increasingly dynamic and knowledge intensive. Cooperation across traditional organizational boundaries is increasing, as outsourcing and electronic business are enabled by the Internet and other information systems. In VEs, each partner company contributes unique and complimentary compe-
BACKGROUND
A VE is defined as "a customer solution delivery system created by a temporary and ICT enabled integration of core competencies" (Tølle, Bernus, & Vesterager, 2002, p. 1) . Infrastructures developed for VEs face three highly intertwined challenges:
• Heterogeneity, incommensurable perspectives, software infrastructures, working practices etc., among the partner companies • Flexibility, due to need for learning, change, and exception handling • Complexity, the richness and uncertainties of interdependencies among partners, their activities, resources, skills, and products • Heterogeneity, change, and complexity must be managed at different levels: • Knowledge, the skills needed for problem solving and work performance, the shared language and frames of reference needed for communication, etc.
• Process, the planning, coordination, and management of cooperative and interdependent activities and resources • Infrastructure, the information formats, software tools, and interoperability approaches of the participating companies
The resulting problem space is summarized in Table 1 . Each level is elaborated upon below. For networks of small and medium-sized enterprises (SMEs), these challenges are amplified, as resources are scarcer and high entry costs are prohibitive.
for ad hoc and structured work (Haake & Wang, 1997; Jørgensen & Carlsen, 1999) . Users must be supported in selecting a suitable degree of plan specificity for the current state of their process, balancing plan complexity with the need for guidance and control. In software engineering, researchers have defined process classification schemes, e.g., to select appropriate methodologies. Reflecting the wide diversity of processes, even within a single industry, up to 15 classification dimensions with 37,400 process types have been proposed (Cockburn, 2003) . This number suggests that predefined ways of working cannot be constructed for all variants. Instead, base methodologies must be adapted and combined in the particular circumstances of each VE.
Knowledge, Communication, and Learning
Interorganizational and multidisciplinary cooperation require not only information exchange but also knowledge sharing. Effective teams must form across local cultures. Common frames of reference are established through working together, so support systems must allow the meaning of terms, plans, and artifacts to evolve. In communities of practice, this learning process is called negotiation of meaning (Wenger, 1998) . Ambiguous models are required because the meaning of formal, well-defined terminologies cannot be negotiated. A VE infrastructure must also support the process of negotiating and reconciling diverging views and interpretations.
Lack of integration into everyday work practice is a reported shortcoming of knowledge management (KM), enterprise modeling, and process improvement (Davenport & Prusak, 1993) . KM too often becomes the domain of outside experts that lack a full understanding of the complexities of work and the local language of the work community (Wenger, 1998) . Work performers become sources of information to KM activities, not active participants. Standardization and codification, rather than local innovation and organizational and social learning, become the focal points of KM. Failure rates above 50% are common (Lawton, 2001) .
The gap between what people say and what they do makes it difficult to use enterprise models and other official accounts of work as input to KM (Argyris & Schön, 1978) . It must thus be straightforward to modify enterprise information locally. Still, some knowledge cannot be articulated and will remain tacit. Most descriptions are thus 
Infrastructure Integration and Customization
The unique nature of each VE, and the dynamic set of partners, seldom makes it economically viable to integrate information systems through developing new software interfaces. Standardization (Chen & Vernadat, 2003) requires that the domain be static and well understood and is thus seldom appropriate for knowledge work. Consequently, we need a flexible infrastructure that allows shared understanding and semantic interoperability to emerge from the project, rather than being a prerequisite for cooperation.
Such flexibility is seldom offered by the tools currently available for VE integration, like e-business frameworks, workflow management, enterprise resource planning, etc. (Alonso et al., 1999) . Consequently, flexibility, exception handling, and learning are important research topics in all these disciplines.
Simple tools invite use. Software that offers a wide range of functionality often becomes overwhelmingly complex and incomprehensible. Consequently, only a small portion of the available services is utilized. This condition is known as featuritis. We thus need role-and task-specific user interfaces, emphasizing what is needed in the current context. Interfaces and semantics should also adapt to the local needs of each project. Enterprise models, articulating who performs which tasks, when, and why, are powerful resources for such adaptation.
Systems should also adapt to the skills and preferences of each individual. Where experts should be given freedom to exercise skilled judgment, novices need detailed guidance. Personalization fosters a sense of ownership, motivating active participation. Studies have shown that personal templates and configurations spread informally through the organization, improving processes and disseminating knowledge in an emergent manner (Trigg & Bødker, 1994) .
Objectives
This chapter aims to demonstrate that enterprise models can help VE participants handle the problems of heterogeneity, complexity, and flexibility on the knowledge, process, and infrastructure levels. We will, however, contend that VE integration is as much a social problem as a technical one. Current modeling infrastructures emphasize technical integration, and the understanding of VEs as sociotechnical systems must be improved. In particular, we seek to replace the common approach of using formal computer languages to control social interaction with the application of human languages to control and customize computing infrastructures.
INTERACTIVE ENTERPRISE MODELS
From past experience with developing flexible groupware and workflow systems (Carlsen, 1998; Jørgensen, 2001 Jørgensen, , 2003 Jørgensen & Carlsen, 1999; Natvig & Ohren, 1999) , we have defined an interactive models approach to flexible information systems (Jørgensen, 2004) . Models are normally defined as explicit representations of some portions of reality as perceived by some actor (Wegner & Goldin, 1999 We define a model to be interactive if it is interactively activated. By updating such a model, users can adapt the system to fit their local plans, preferences, and terminology. This concurrent activation and articulation (modeling) is depicted in Figure 1 . Goranson et al. (2003) point to nondeterminism, uncertainty, social and cultural dynamics, reflection, and handling of multiple perspectives as the major challenges of enterprise integration modeling. Hewitt (1986) claims that enterprises are best described as open systems, where people cope with conflicting, inconsistent, and partial information. He shows the shortcomings of conventional notions of computing in analyzing such systems, and forecasts that future information systems will acquire more of the characteristics and structures of human organization, e.g., concurrency, decentralized control, indeterminacy, interconnectivity, and contextuality.
Related Work
The interaction framework (Wegner, 1997; Wegner & Goldin, 1999) follows along these lines. Its development was triggered by the realization that machines involving users in their computation can solve a larger class of problems than algorithmic systems computing in isolation. The primary characteristic that differentiates an interaction machine from a Turing machine is that it can pose questions to users during its computation. The stimulus-response model of Turing excludes such interactions that could be used to establish shared meaning. Hence, research should not solely be concerned with the development of more powerful automation algorithms. We should also look at ways in which the total system of software and humans can solve problems interactively. Lillehagen et al. (2002) discuss the extension of enterprise modeling to active knowledge models (AKM) with enhanced visualization support. Greenwood et al. (1995) argue that active models can enable systems to meet many business needs that current technologies fail to solve.
Although these researchers have pointed to aspects of interactive models and put forward theoretical frameworks for interactive computing, there is a lack of engineering research developing and validating interactive models as a design approach. Consequently, there has been little investigation into what the practical challenges of interactive modeling are, and what modeling techniques are useful for meeting these challenges. We have elsewhere adapted a model quality evaluation framework to interaction , identifying differences between interactive models and models used during software development. Most notably, the immediate availability of the domain simplifies interactive model interpretation and makes overall agreement about what a model means less crucial. Modeling takes place in the usage context, so the models need not recreate this context, as in a development setting. On the other hand, modeling by end users demands simpler, more user-and domain-oriented languages. The application of system-oriented models such as UML, or even programming languages, for enterprise and process modeling, should thus be questioned.
Simple and User-Oriented Modeling
Our approach relies on the assumption that business users must be actively involved in creating, updating, and interpreting models of their own work, as part of the work. VE participants are the only ones with sufficient knowledge of the joint process. Modeling by end users has met skepticism from the workflow research community (Jørgensen, 2001 ). On the other hand, studies of user participation in system development, tailoring, knowledge management, and process improvement indicate that our approach is viable (Argyris & Schön, 1978; Wenger, 1998) . In workflow management, users also deal creatively with change and exceptions, often by taking the process out of the system and handling it manually (Bowers, Button, & Sharrock, 1995) . Systems not designed for user involvement thus present a barrier to capturing local innovation. End user participation remains primarily an organizational problem, involving trust, power, and community building, but simple, user-oriented, and adaptable modeling languages will also help.
The EXTERNAL Interactive Modeling Infrastructure
The EXTERNAL project (Extended Enterprise Resources, Networks and Learning, EU IST, 2000 IST, -2002 aimed to support the whole life cycle of a VE, from inception, planning, working, managing, and coordinating, to decommissioning. In the project, interactive models were applied to support three VEs, in business consulting, software development, and research. The EXTERNAL infrastructure integrates five model-driven tools (Figure 2 ): • WORKWARE (Jørgensen, 2001; Jørgensen & Carlsen, 1999) , an interactive workflow and groupware system, providing worklists, process enactment, awareness notifications, access control, and document management. • METIS (Lillehagen et al., 2002) , a general-purpose, open enterprise modeling tool, used for building and visualizing rich, up-to-date models of the joint enterprise, fostering common understanding among the participants and enabling them to plan their cooperation. • XCHIPS (Haake & Wang, 1997) , a hypermedia tool with synchronous collaboration and process support. It facilitates real-time collaborative modeling sessions and also close collaboration in the context of particular tasks. • FRAMESOLUTIONS, a framework for building traditional workflow applications. • SIMVISION (Kuntz, Christiansen, Cohen, Jin, & Levitt, 1998) , a process simulation tool that can be used to identify backlogs and potential sources of delay, given the current work plans, personnel allocation, and organization.
Together, the tools offer a comprehensive suite of functionality for creating, maintaining, and utilizing shared models of the VE. XCHIPS provides contextual work support for focused, real-time collaboration, whereas WORKWARE does the same for asynchronous collaboration. The models are managed by a shared repository residing on a Web server. For the representation and interchange of models, an XML DTD is defined. A portal integrates the Web-based user interfaces of WORKWARE and FRAMESOLUTIONS.
SUPPORTING VIRTUAL ENTERPRISES WITH INTERACTIVE MODELS
This section outlines how the interactive models approach and the EXTERNAL infrastructure can meet the challenges of VE integration.
Knowledge Complexity
Enterprise models capture a rich set of relationships between the organizations, people, processes, and resources of the VE. The main constructs of EXTERNAL's extended enterprise modeling language (EEML) (Carlsen, 1998; Jørgensen & Carlsen, 1999) are tasks, decisions, work flow dependencies, roles, and resources (persons, organizations, information, objects, and tools). These process models are carriers of knowledge about how we do things. EEML also contains concepts for integrated goal, data, and organizational modeling. The openness of the infrastructure (described below) allows enterprises to extend and specialize in the basic language, to reuse concepts from other modeling domains, etc.
An excerpt of such a model is depicted in Figure 3 . It shows the multitude of interdependencies between tasks, tools, and organizational resources in a typical small project. In more elaborate models, other aspects, such as goals, products, information, finances, competence and skills, etc., may also be included. Such complex webs of dependencies between the various aspects of an enterprise would quickly become unmanageable, had it not been for the visualization, navigation, and selection services of METIS. Utilizing this functionality, users may dynamically construct simplified views on the models, tailored for specific roles and tasks.
Knowledge Change
One of the cornerstones of our approach is to integrate learning and knowledge management into everyday work and management practice. This is achieved through supporting concurrent definition of modeling language (metamodeling), modeling and planning of the work, model-driven management, coordination, and performance of work. There is thus a direct link from knowledge management activities to work performance, as depicted in Figure 4 . In some situations, predefined languages and template models may be applied to control and reason about local work practice without much change. In other cases, local exceptions and particularities demand elaboration of the VE model, capturing learning-by-doing. Such emergent models, articulating innovative local experience, may be harvested into templates for reuse in future VEs. Figure 4 illustrates how the EXTERNAL infrastructure supports concurrent metamodeling, modeling, management, and performance. The work interface (lowest level) includes services for work performance, coordination, and management. The worktop is the main component in this interface. Each task has its own worktop. In addition to the services for performing and managing the task, the worktop contains links to all knowledge in the VE models that is relevant for the task. Because the worktop is dynamically generated, and subject to personal preferences, the skill levels of task performers can be taken into account, e.g., to provide more detailed guidelines for people who have not previously worked on such tasks.
For users that enjoy sufficient access rights, the worktop includes services that invoke METIS to redefine the model (or even the metamodel) for the current task. As Figure 4 shows, the metamodel defines the language used in modeling. Similarly, the model defines the content (processes, resources, and tasks) of work management and performance. This feature is crucial for ad hoc, emergent processes, where exceptions and ongoing learning create a need for updating models of the work. The ability to metamodel enables project groups to use their own shared understanding and local vocabulary to model their joint enterprise. Such flexibility has proven to be important for establishing effective teams (Wenger, 1998) . Modeling can also be done in the textual forms in WORKWARE, where users may define new tasks, upload new documents, etc. performed with priorities, due dates, etc. They can be viewed in a number of ways, e.g., as indented lists and tree structures. Visual models in METIS are also used for work management, as they provide excellent overviews of the current state of the whole project. The different layers of Figure 4 are thus closely integrated. The status of a task is visualized with colors, both in the visual models and the textual worklists and worktops. There are personalized worklists for each user and shared lists that provide overviews of the current state of related tasks. Users may apply any knowledge represented in the model for defining new worklists, e.g., task status, whether it is delayed, who is responsible for it, what its relations to other tasks are, etc.
SIMVISION performs different kinds of process simulations, analyzing workloads and risk areas for delay. The simulations are based on the process model defined for the VE, extended with properties that specify resource needs, resource availability, skills and competencies, coordination overhead, meetings, etc. Through parameterization, users can simulate several different scenarios based on the same model. Integrated in an infrastructure that also supports model-driven work performance, future extended simulation services can also take the process history into account when analyzing the rest of an ongoing VE.
Process Heterogeneity
Most process support systems target planned processes, where generic models of work are applied to several VE instances. Models are constructed prior to work performance and are not expected to change much during execution. A number of case studies have demonstrated the limitations of this approach. It often leads to models that do not accurately depict the way work is really performed, models that bias management control needs at the expense of straightforward work performance (Orr, 1996) . Such models can cause constraining more than facilitating tool support and are poor resources for process improvement. Consequently, our approach also supports emergent processes (Jørgensen 
Process Flexibility
Flexibility is ensured through interactive model interpretation, combining the capabilities of the system to automate predefined parts and the users to handle incompletely specified parts of the model (Jørgensen, 2001; Jørgensen & Carlsen, 1999 ). The process model is a network of tasks and their interdependencies, with decision objects that control routing and scheduling of tasks (e.g., start and completion). Because emergent processes require evolving, incomplete, process models, the enactment engine is interactive. When a decision is underspecified and cannot be automated, the process participants are asked to manually decide what should happen next. Users may also proactively override the modeled process, by making unscheduled decisions, e.g., to handle unforeseen exceptions. Decision objects allow dynamic, visual rule modeling. This enables EXTERNAL to handle models with varying, user-controllable degrees of specificity, where structure can emerge as the users' understanding of the domain increases, and the process models are elaborated. We thus integrate the support for ad hoc and structured processes.
In order to match the needs of a particular VE, local modifications of models are supported by instance modeling (Jørgensen & Carlsen, 1999) . This limits the scope of a change to the local situation, removing much of the complexity that has prevented modeling by end users at the class level. It also establishes an immediate connection between the domain and the interactive model, in that the model objects refer directly to individual tasks, persons, documents, etc., in the enterprise. This enables learning and knowledge management anchored in practice, and negotiation of meaning based on concrete facts rather than on abstract points of view. Dehli et al. (2003) describe how METIS modeling and visualization services may be applied to manage complex and evolving enterprise ICT architectures. These enterprise architecture models may be integrated with and utilized in models of the VEs that the company participates in.
Infrastructure Complexity
In the EXTERNAL infrastructure, you can also model and execute the processes of model and infrastructure management. The Web-based portal supports project and model management, utilizing services from the model repository. A WORKWARE component controls access to the repository models and documents, based on the roles that people have in the work process model. This implies that each VE can define its own local access control policies as part of the VE models. When persons are allocated to roles on tasks, they automatically get access to the information related to the tasks, if the general policies allow this. The access controller thus allows the degree of openness to increase as cooperation matures and mutual trust is established among the partners of the VE.
Infrastructure Flexibility
The EXTERNAL infrastructure also executes the work processes for infrastructure engineering and solutions development. Visual models capture dependencies between software services and other enterprise aspects, such as the tasks and roles that apply the services. Software services are, for example, modeled as resources associated with tasks in the VE model, and are made available through the user interface in a customized and personalized manner. The task performers may access desktop tools, organizational information systems, Web services, or automated processes (in FrameSolutions) through this interface.
WORKWARE user environments are generated dynamically based on the definition of processes and tasks in EEML. Forms and components for interacting with different model objects are selected and composed based on user interface policies. These policies are also part of the VE model. Different policies can be defined for different types of objects, for individual objects, as well as for different users. This enables user interface customization and personalization. Currently, new user interface forms and components can be added by programming to a Java API. We also plan to allow users to define new forms through a user interface editor, and support this process of VE solutions provision with modeled engineering work processes. More information about infrastructure customization is available in Jørgensen (2004) .
Rapid formation and flexible participation of organizations in the VE are handled by modifying the organization part of the VE model. Such a change automatically updates user registry, access control, and the rest of the infrastructure.
Infrastructure Heterogeneity
The set of services offered through the EXTERNAL infrastructure is extensible and provides support for a range of different functions, disciplines, and perspectives, e.g., management, workers, specialists, quality control, accounting, etc. When such a wider range of practices is gathered around one common model, there is a risk that the model and its language may become too complex and incomprehensible, because each practice wants to include its own esoteric terminology. Our modeling framework handles these problems with user-, role-, and task-specific views, both in the visual model editor and in the work management portal. Through metamodelling, users may add specialized terms and properties to the core language, but this data need only be visible for those who need it. Multiple perspectives may thus coexist in an integrated model, integrated by the common instance model elements that represent concrete entities.
Assessment
In all, interactive models seem to adequately address the challenges that we have identified. Further work is needed both to refine the rudimentary support that the EXTERNAL infrastructure currently offers in some areas, and to explore how the many aspects that need to be represented in a model can be integrated without complicating the infrastructure and thus limiting its practical usability.
USAGE EXPERIENCE
The EXTERNAL project used its own infrastructure for periodic progress reporting (Jørgensen, 2001) and VE project planning. The first is a routine activity, while the latter demands more creativity. The first implementation of the planning case included the plan as well as the planning process, but not the operation of the plans once they were completed. Both the plan and the planning process were modeled in METIS. In advance, it was expected that the coordination of plans made by different work package managers would require real-time collaboration. Consequently, XCHIPS was selected as the main activation platform. When two people work on the same object in XCHIPS, they immediately see the effects of each other's actions. The interface also provides real-time awareness of who is currently working.
The resulting plans, however, were not detailed enough to cover all the work. Consequently, the EXTERNAL project also had a Web-based action list located at the project Web server. This solution had a number of limitations: • It was difficult to change the list, update status information, add new actions, etc.
•
The actions lacked context, and were sometimes hard to understand. • The actions were not explicitly connected to project plans (the process models).
The actions were not linked to a work area with documents and tools that could be used for performing the work. • Although the list could be sorted on different attributes and filtered according to predefined criteria, it was not possible to add user-defined criteria.
The action lists were, consequently, not actively used by many of the project participants. For the second version of the planning case, it was thus decided to use WORKWARE for managing actions as tasks, integrating top-down planning with bottomup, emergent articulation of work. It took just a few hours of work to customize a WORKWARE server for action lists. Worklists were defined that organize actions according to status, delay, who is responsible for performing and following up the work, which work package or team the action relates to, etc. The old, static action lists contained 288 actions after two and a half years of operation, while WORKWARE contained 131 after just two months, even though it was installed during the summer holidays. This increased frequency of use, as well as informal feedback, indicates that the users experienced the second application as a substantial improvement. The result was a more accurate process model.
Other Experiences
In the business consulting company, a general project template was modeled, and then applied in one project (Elvekrok, Lillehagen, & Solheim, 2003) . Process modeling consultants from the EXTERNAL project were able to convert an informally described project standard into an interactive, operational VE model. The final EXTERNAL case involved a network of small and medium-sized ICT companies, which tested the system for project management, software subcontracting, and project proposal submission (Elvekrok et al., 2003) . While the users in this case were professional software engineers, they lacked extensive process modeling experience. They thus decided to reuse the business consulting model as a starting point for their project. Over the course of the process, this generic template was appropriated, adapted, and extended to fit local practice.
WORKWARE has also been used opportunistically in a handful of research projects. These cases allowed us to explore the tool's customization capabilities. Local metamodelling and customization policies have been applied to adapt interfaces and navigation structures for each project (Jørgensen, 2004) . Locally, concepts such as meeting and document categories have been added to the general language and utilized for organizing worklists and shared workspaces. Generally, it takes just an hour or two before an initial project collaboration infrastructure is established. Users simply have to build a rudimentary process model and define any additional worklists and services that they want to include. As the work progressed, all groups adapted the infrastructure based on usage experience. People have also used EEML to teach enterprise modeling, and evaluated the students' models (Moody, Sindre, Brasethvik, & Sølvberg, 2002) . More than 200 students participated, modeling 20 different processes. The unified enterprise modelling (UEML) project ensured interoperability between our language and several others (Zelm, 2003) . The continued interest from a user company and a tool vendor, who have been involved in the development of WORKWARE from the start, further testify to the practical relevance of this approach. We are currently exploring the use of interactive process modeling to support customization and process knowledge management in a global certification company (Dalberg, Jensen, & Krogstie, 2003) . Here, a harmonized, common process coexists with specialized ones for each country. Another case aims to explore role-play and field experiments as a means for creating templates for the process model repository.
Evaluation Results
An independent researcher, who had not participated in the EXTERNAL project, collected experience from the three cases by questionnaires and semistructured interviews (Elvekrok et al., 2003) . Most of the 19 respondents were participants in the EXTERNAL project, so there is a danger for biased feedback. However, increased frequency of use (see above) and improved efficiency of work were measured objectively (Jørgensen, 2004) . The periodic reporting case achieved better results than the original planning case. The reporting process showed great improvements compared to the first period, when e-mail was the only coordination tool available. Partly, this may be attributed to learning that the participants would anyway experience during the first period. However, the similar process of summary cost statements, which was not performed in the EXTERNAL infrastructure, did not achieve the same degree of improvement as the reporting process. Some users thus proposed to model and perform that process in the infrastructure as well. The action list server was later used by the participants in preparing a new project proposal. But there was also negative feedback. One user thought that the logic and language of the system were not intuitive. He was expecting a more document-centric structure with files and folders. In some cases, further simplification and customization is thus needed.
Limitations and Further Work
While the EXTERNAL infrastructure has been implemented and validated by trial use, further development and experimentation is needed. In particular, the organizational benefits related to process knowledge management must be demonstrated in long-term field studies. Methodologies for modeling, infrastructure customization and solution provision, and model-driven project and multiproject management should be developed as operational, interactive process templates. Process reflection thus allows metaprocesses to become ordinary processes, like language reflection treats metamodelling as an aspect of modeling.
A stable, commercially available implementation of the infrastructure is planned. This will open new opportunities for research into the human, social, and organizational aspects of explication, formalization, learning, trust, and community building around interactive models. More model-driven software components should be included, e.g., for resource management, budgets, and accounting. Case studies should explore which kind of model-driven functionality is useful in which context.
FUTURE TRENDS
Continued development of the interactive modeling approach to VE integration, operation, management, and learning, will bring a number of interesting shifts in the way we conceptualize and use computerized information systems: • Visual modeling taking over parts of the work currently done by programming • Visual, symbolic, and graph-based communication complementing natural languages • Open systems, where the automation boundary is flexible, where tasks are distributed between users and software depending on the characteristics of each situation • Model-driven composition, customization, and personalization of software infrastructures, in part even controlled by users at runtime • Social computing, understood as bringing the uncertainty, heterogeneity, change, and openness of social systems to computing, rather than seeking to control social environments with the formality, determinacy, and computability of software
The consequences of the interaction perspective for modeling, software engineering, knowledge management, and business process systems, needs more in-depth studies within each discipline. The common approach of bringing the language of computers to human interaction is here replaced with an attempt to make computer languages more human. Our experience indicates that this is needed to meet the fundamental challenges of user participation, domain semantics, exceptions, evolution, and learning.
CONCLUSIONS
Interactive models allow enterprises to control and customize their ICT infrastructures through visual modeling. In an integrated knowledge management framework, concurrent metamodelling, modeling, management, and work performance become interwoven, supporting both planned and emergent work. The EXTERNAL infrastructure has been in use in several case studies, and in part, also in commercial projects. It has been found adequate for building the models of multiple VEs, and for supporting a wide range of tasks.
